The anti-helminthic drug niclosamide regulates multiple cellular signals including STAT3, AMP-activated protein kinase (AMPK), Akt, Wnt/β-catenin and mitochondrial uncoupling which are involved in neointimal hyperplasia. Here we have examined the effects of niclosamide on vascular smooth muscle cell proliferation, migration and neointimal hyperplasia and assessed the potential mechanisms.
Introduction
Neointimal hyperplasia is a characteristic common to a variety of vascular disorders, such as restenosis after angioplasty, vein graft stenosis, allograft vasculopathy and atherosclerosis (Kearney et al., 1997; Mitchell and Libby, 2007; Ross, 1993) . In response to vascular injury, vascular smooth muscle cells (VSMCs) become highly proliferative and migrate towards the luminal side of the vessel (Dzau et al., 2002; Gomez and Owens, 2012; Owens et al., 2004; Schwartz, 1997) , which is a key event in the process of neointimal hyperplasia. Several signal pathways contributing to VSMC proliferation and migration have been identified, including STAT3, AMP-activated protein kinase (AMPK), Akt, ERK and Wnt/β-catenin (Kim et al., 2011; Tsaousi et al., 2011) signalling. Inhibition of STAT3 (Daniel et al., 2012; Seki et al., 2000) , Akt (Stabile et al., 2003) , ERK (Kim et al., 2011) and Wnt/β-catenin (Tsaousi et al., 2011) or activation of AMPK (Ki et al., 2013; Stone et al., 2013) has been reported to inhibit VSMC proliferation, migration and neointimal hyperplasia.
Recently, mild uncoupling of mitochondria has been considered as a potential therapeutic strategy for various metabolic disorders, such as diabetes, hyperlipidaemia and obesity (Busiello et al., 2015; Cunha et al., 2011) . Mitochondrial uncoupling proteins (UCPs), members of the mitochondrial anion transporter family, can dissipate the proton gradient generated by the mitochondrial electron transport chain and thus uncouple ATP synthesis from oxidative phosphorylation (Klingenberg, 1999) . UCP2 (SLC25A8) is expressed in VSMCs and endothelial cells, and UCP2 transgenic and knockout models have been used to study the role of mitochondrial uncoupling in vascular dysfunction and remodelling. UCP2 overexpression in human VSMCs inhibits cell proliferation and migration induced by high glucose and angiotensin II (Ang II) (Park et al., 2005) . Low MW mitochondrial uncouplers are small molecules that mimic the action of UCPs, enabling protons to enter the mitochondrial matrix and uncoupling the mitochondrial oxidative phosphorylation process. Mitochondrial uncouplers have been reported to reverse hypertriglyceridemia, fatty liver disease, insulin resistance and diabetes (Fu et al., 2013; Perry et al., 2013; Perry et al., 2015; Tao et al., 2014) and protect against heart and renal ischaemic injury (Brennan et al., 2006; Kenwood et al., 2014) . We previously found that mitochondrial uncouplers relaxed the constricted arteries through a mechanism involving AMPK activation Zhang et al., 2017; Zhang et al., 2016) . However, the effects of chemical mitochondrial uncouplers on VSMC proliferation and migration have never been identified.
Niclosamide is a clinically used treatment of intestinal infections of tapeworms, due to its mitochondrial uncoupling effects (Frayha et al., 1997) . In addition to the mitochondrial uncoupling effect, niclosamide regulates a range of signals including STAT3, AMPK, Akt, ERK and Wnt/β-catenin signals in cancer cells (Chen et al., 2018; Liu et al., 2017; Liu et al., 2016) and, because of this effect, niclosamide is a novel candidate drug for cancer chemotherapy. On the other hand, these signal pathways regulated by niclosamide are also involved in VSMC proliferation and migration. We therefore tested the possibility that niclosamide might also inhibit VSMC proliferation, migration and the related neointimal hyperplasia.
Methods

Preparation of niclosamide
Niclosamide is insoluble in water and has to be dissolved in DMSO, which limits its use in vivo. Therefore, the soluble pegylated (PEG5000)-niclosamide (PEG5000-niclosamide) was synthesized for i.p. injection in vivo by our collaborator from the Institute of Materials Processing and Intelligent Manufacturing and Center for Biomedical Materials and Engineering, Harbin Engineering University. The chemical structure of PEG5000-niclosamide was characterized by using FTIR spectra and 1 H NMR spectra. The acute toxicity of PEG5000-niclosamide administered by i.p. injection in mice was evaluated. No deaths were observed in the animals with accumulative amount of PEG5000-niclosamide equivalent to 1000 mg·kg À1 niclosamide within 24 h.
Niclosamide ethanolamine was also used for i.p injection and was suspended in 0.5% methylcellulose (Tianjin Fuchen Chemical Reagents Factory) .
Rats in the control groups were treated with the appropriate volume of solvent solution (0.5% methylcellulose or saline).
Animals
All animal care and experimental protocols complied with the Laboratory Animal Management Regulations in China and were approved by the Institutional Animal Care and Use Committee of Harbin Medical University, PR China. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . We used male Sprague-Dawley rats (270-300 g, 8 weeks old) supplied by Charles River (Charles River Laboratory Animal, Beijing, China). Prior to experiments, the rats were housed for 1 week at 23 ± 1°C, with a relative humidity of 55-60% and a 14 h light and 10 h dark circadian rhythm with free access to water and standard rat chow. They were maintained in groups of six animals per cage (1300 cm 2 ) according to our routine procedure (Zhang et al., 2016) .
Rat carotid artery injury model
Rats were anaesthetized by an injection (i.p.) of chloral hydrate (300 mg·kg À1 ), and the level of anaesthesia was monitored via tail pinch. The surgical site was epilated and sterilized, then a ventral mid-line incision was made in the neck using micro-scissors. The left common carotid arteries and its bifurcation into the internal and external branches were exposed. Then, the left common and internal carotid arteries were temporarily occluded by sutures, and the external carotid artery was ligated at the exposed distal end. A Fogarty 2F arterial embolectomy catheter (Edwards Lifesciences, Irvine, CA, USA) was introduced into the common carotid artery through a small window opened in the external carotid artery. The balloon was inflated to a predetermined volume (0.2 mL) and then was withdrawn with rotation toward the carotid bifurcation. This procedure was performed three times. When the catheter was removed, the external carotid was ligated at the arteriotomy site, the blood flow to the common and internal carotid arteries was restored by untying the sutures, and the wound was closed. Alcohol (about 70%) was swabbed around the periphery of the wound to reduce likelihood of infection. The rat was returned to the cage with prone position, and sterile gauze pads were placed below the wound during recovery. In addition, saline was used to amend fluid loss and moisten the mouth and tongue of the rat. Breathing rate was monitored during recovery. Sufficient water to drink was provided when the rat was ambulatory. After recovery, the animals were randomly divided into model with solvent groups and model with niclosamide ethanolamine or PEG5000-niclosamide treatment groups. Weight was monitored during the intervention period. After 4 weeks, the rats were killed by an overdose of anaesthetic (chloral hydrate 500 mg·kg À1 ), and the left common carotid arteries at the same position were collected for analysis.
Morphometric analysis
For morphological analysis, the carotid arteries were dissected, divided into four specimens and fixed in 4% paraformaldehyde at 4°C. Twenty-four hours later, the arterial segments were embedded in paraffin and sectioned (5 μm thick). The 5 μm cross sections were mounted on microscope slides and stained with haematoxylin and eosin. The images were obtained using a light microscope (Olympus BX53 with DP80 camera, Japan) at 10× or 20× magnification. The intima, medial and adventitial areas were analysed by ImagePro Plus image analysis software (Media Cybernetics Inc., Silver Spring, MD, USA). The intima area was calculated as the internal elastic lamina area minus the luminal area, and the medial area was calculated as the external elastic lamina area minus the internal elastic lamina area. Intima/media ratio was then calculated.
Cell culture
VSMCs (A10 cells) and HUVECs from ATCC source were purchased from Bioleaf Biotech CO. Ltd (Shanghai, China). The cells were grown in DMEM supplemented with 15% FBS and 1% penicillin-streptomycin in a humidified incubator at 37°C and 5% CO 2 .
Cell viability measurement
Cell viability was assessed by using the MTT assay. Briefly, cells were seeded in 96-well flat-bottomed plates at 5 × 10 3 cells per well, treated with or without niclosamide at indicated concentrations for 24 h and then incubated with MTT (5 mg·mL À1 ) for 4 h at 37°C. The absorbance was then measured at 490 nm using a plate reader (Tecan Infinite m200, Mannedorf, Switzerland).
Live and dead cell staining
The live and dead cells were detected by using the LIVE/DEAD® Viability/Cytotoxicity Assay Kit (Invitrogen, Waltham, MA, USA) as described in our previous study (Xie et al., 2015) . Briefly, the cells were seeded into the six-well plate at 5 × 10 4 cells per well and incubated with a mixture of 2 μM calcein AM and 4 μM EthD-1 for 15 min at 37°C. The labelled cells were randomly visualized using a fluorescence microscope (Olympus IX73 with DP73 camera, Japan)
at 20× magnification and counted using ImagePro Plus image analysis software (Media Cybernetics Inc.).
DNA synthesis analysis
DNA synthesis was measured by using the 5-bromodeoxyuridine (BrdU) ELISA Kit (ab126556, Abcam, Cambridge, MA, USA) according to the manufacturer's instructions. In brief, cells were seeded in a 96-well plate at 5 × 10 3 cells per well and incubated with BrdU reagent for 12 h at 37°C. After cells were incubated with fixing solution for 30 min, the antiBrdU monoclonal detector antibody was added for 60 min followed by the incubation with peroxidase goat anti-mouse IgG conjugate for 30 min at room temperature. Cells were then incubated with TMB (Tetraliethylbenzidine) peroxidase substrate for 30 min at room temperature in the dark. The reaction was terminated by the addition of stop solution. The absorbance was then determined at 450 nm using a plate reader (Tecan Infinite m200).
Wound-induced migration assay
Cells were seeded into a six-well plate at 5 × 10 4 cells per well and cultured in DMEM supplemented with 15% FBS and 1% penicillin-streptomycin. Upon reaching 90% confluence, a vertical scratch was made by using a 200 μL pipette tip to create a cell-free zone, which crossed with the horizontal lines drawn on the back of the plate, prior to cell seeding, to obtain accurate location. The debris was removed by washing the cells gently twice with PBS. The images for wound healing were obtained at 4× magnification under a light microscope (Olympus, CKX41) with the horizontal lines as baseline at indicated time points. Cell migration was quantified by measuring the area of the cell-free zone using ImagePro Plus image analysis software (Media Cybernetics Inc.).
Boyden chamber assays
Boyden chamber assays were carried out in Transwell chambers (6.5 mm diameter, 8.0 μm pore size, Corning Inc., Corning, NY, USA). The polycarbonate membranes were coated with 0.2% gelatin prior to experiments. Cells were trypsinized and resuspended in DMEM supplemented with 0.2% FBS. The upper chamber was loaded with 1 × 10 4 cells in 200 μL media. The lower chamber contained 600 μL DMEM supplemented with 15% FBS. After being incubated for 6 h at 37°C and 5% CO 2 , the cells on the upper side of the filter were removed with a cotton swab. The filter membrane through which the cells migrated were fixed in 4% paraformaldehyde and stained with Crystal Violet. The images were visualized and captured on a light microscope (Olympus IX73 with DP73 camera, Japan) at 4× and 20× magnification. The Crystal Violet stain was extracted from migrated cells with 33% acetic acid. Then, the extracted solution was transferred into a 96-well plate, and the absorbance was measured at 570 nm using a plate reader (Tecan Infinite m200, Mannedorf, Switzerland).
Western blot analysis
Protein samples from cultured cells were harvested with RIPA buffer containing 1% protease inhibitor and 10% phosphatase inhibitor. After centrifugation at 12200 × g for 15 min at 4°C, the supernatants were transferred and protein concentrations were assessed using BCA Protein Assay Kit (Bio-Rad).
Equal amounts of protein were analysed by electrophoresis on 8-15% SDS-PAGE gels and blotted onto nitrocellulose membranes. After blocking with 5% non-fat milk, the membranes were probed with primary antibodies at 4°C overnight. After washing with TBS-0.1% Tween 20 (TBST), the membranes were subsequently incubated with fluorescenceconjugated goat anti-rabbit IgG or goat anti-mouse IgG secondary antibody (1, 10 000 dilution, LI-COR) for 1 h. Blots were quantified using Odyssey infrared imaging system (Li-Cor Inc., Lincoln, NE, USA) and Odyssey v3.0 software.
TUNEL staining
Cell apoptosis was measured by using the In Situ Cell Death Detection Kit (Roche, Indianapolis, IN, USA) as described in our previous studies (Sun et al., 2013) . Briefly, cells were grown in a 24-well plate at 1 × 10 4 cells per well. After treatment, cells were fixed in 4% paraformaldehyde for 40 min, blocked with 3% H 2 O 2 for 10 min and permeabilized with 0.1% Triton x-100 sodium citrate solution for 3 min. Apoptotic cells were labelled with TUNEL reaction mixture, while cell nuclei were counterstained with DAPI. The images were randomly obtained with a fluorescence microscope (Olympus IX73 with DP73 camera, Japan) at 20× magnification, and the counts of labelled cells were performed using ImagePro Plus image analysis software (Media Cybernetics Inc.). The apoptosis rate was calculated as the ratio of TUNEL-positive cells to total cells.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . No blinding was undertaken in this study. It is not a usual procedure for this form of study and cannot be applied retrospectively. The exact group size (n) for each experimental group is shown in the legends and 'n' refers to independent values, not replicates. Data subjected to statistical analysis have 'n' of at least five per group. In the in vivo experiments, the animals were randomly divided into different groups after operation. In the wound-induced migration assay, the picture was obtained randomly at 0 h, and the same location was captured again after 12 or 24 h. In addition, the images of live and dead cell staining and TUNEL staining were randomly obtained. Normalization of responses was carried out in some experiments (BrDU incorporation, wound-induced migration assay, Western blot experiments) to minimize the influence of variable baseline and allow comparison of the data from independent experiments.
All data are presented as mean ± SEM. Statistical analysis of the results was performed with GraphPad Prism version 5.0 (GraphPadSoftware Inc., San Diego, CA, USA). Statistical significance of two groups was determined with Student's t-test. For two more groups, one-way ANOVA followed by Holm-Sidak test or Tukey's test was used. Post hoc tests were run only if F achieved P < 0.05 and there was no significant variance in homogeneity. P < 0.05 was considered statistically significant. The group sizes refer to independent values, not replicates; the replicates from a single experiments were averaged. 
Materials
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c) .
Results
Niclosamide inhibits serum-induced (15% FBS) and PDGF-BB-induced proliferation of A10 cells
The A10 cells are nondifferentiated VSMCs and commonly used as the model of neointimal VSMCs (Choe et al., 2015; Munoz et al., 2011; Rao et al., 1997) . Hence, A10 cells were used in the present study. Firstly, we used BrdU incorporation to assess the proliferation of A10 cells. As shown in Figure 1A , compared with the culture in 0.2% FBS, DNA synthesis was significantly increased after 24 h treatment in serum-induced conditions (15% FBS culture), and niclosamide dose-dependently inhibited the serum-induced increase of cell proliferation. We further examined the effects of niclosamide on A10 cell proliferation in PDGF-BB-induced model which is commonly used in VSMC proliferation and migration studies (Park et al., 2017; Fairaq et al., 2017) . Results showed that niclosamide also reduced PDGF-BB-induced A10 proliferation in a dosedependent manner ( Figure 1B) .
Niclosamide inhibits serum-induced (15% FBS) and PDGF-BB-induced A10 cell migration
Next, we investigated whether niclosamide could suppress serum-stimulated A10 cell migration. In the wound cell migration assay, the serum-induced (15% FBS) cell migration was inhibited by niclosamide in a dose-dependent manner (Figure 2A, B) . To confirm the effects of niclosamide on A10 cell migration in response to serum, we also used the Boyden chamber assay. Results showed that the migrated cells were markedly increased at 6 h after incubation with medium containing 15% FBS, while niclosamide (2 μM) significantly reduced the serum-induced migration of A10 cells ( Figure 2C, D) . Additionally, we examined the effects of niclosamide on A10 cell migration in response to PDGF-BB. Wound-induced migration assay revealed that PDGF-BB treatment increased A10 cell migration, which was significantly inhibited by niclosamide treatment for 12 and 24 h ( Figure 3A-D) .
The effects of niclosamide on A10 cell viability
A delicate balance between cell proliferation and apoptosis contributes to tissue growth. Thus, we further investigated whether niclosamide could inhibit A10 cell viability and promote cell apoptosis. Firstly, we examined the effects of niclosamide on A10 cell viability by using the MTT method. Under the normal cell culture condition (15% FBS), the IC 50 value of niclosamide on A10 cell viability was 4.430 μM, but in the absence of serum, the IC 50 value was 0.68 μM ( Figure 4A ), indicating that the A10 cells were more susceptible to niclosamide in the serum-deprived cultures. We further examined the effects of niclosamide on cell viability of HUVECs and found that HUVECs were less sensitive to niclosamide with IC 50 more than 40 μM ( Figure 4B ). These results implied that niclosamide inhibited the proliferation and migration of VSMCs over a particular dose range, without affecting endothelial cells. We further tested the cytotoxicity of niclosamide by using the LIVE/DEAD Viability/Cytotoxicity® assay. Consistent with the effects on A10 cell proliferation, niclosamide slightly reduced the number of live cells at 2 μM with further cell death when the concentration of niclosamide was increased to 5 μM ( Figure 4C ). Similarly, TUNEL staining results showed that niclosamide at the higher concentration (5 μM) induced apoptosis of A10 cells ( Figure 4D ).
Niclosamide suppresses serum-induced (15% FBS) and PDGF-BB-induced STAT3 activation in A10 cells
STAT3 is involved in cell proliferation and migration in vascular injury (Daniel et al., 2012; Dronadula et al., 2005) ad we therefore checked the effects of niclosamide on STAT3 signalling in A10 cells. As shown in Figure 5A 
Niclosamide activates AMPK but shows no effect on the expression of β-catenin and the activities of ERK1/2 and Akt in A10 cells
AMPK is involved in pathogenesis of neointimal hyperplasia and restenosis (Igata et al., 2005; Nagata et al., 2004; Song et al., 2011) . Niclosamide (2 μM) induced AMPK activation ( Figure 6A ), in line with our previous finding that niclosamide ethanolamine (a salt of niclosamide) induced AMPK activation in A10 cells . We further checked the effects of niclosamide on the expression of β-catenin and the activities of ERK1/2 and Akt, signalling pathways known to be involved in smooth muscle cell proliferation and migration. As shown in Figure 6B -D, niclosamide (2 μM) had no effect on these signals.
Figure 3
Niclosamide inhibits PDGF-BB-induced A10 cell migration. A10 cells were incubated with PDGF-BB (30 ng·mL À1 ) in the absence or presence of niclosamide (Nic; 0.5-2 μM) for 12 h (A, B) and 24 h (C, D). The control medium contains 0.2% FBS. *P < 0.05, significantly different from control, # P < 0.05, significantly different from PDGF-BB. n = 10 in each group in (B); n = 12 in (D).
Niclosamide attenuates neointimal hyperplasia in balloon-injured rat carotid arteries
Neointimal hyperplasia of rat carotid artery after balloon injury is the most widely used model of vascular remodelling related to VSMC proliferation and migration. We examined the effects of long-term niclosamide treatment on neointimal hyperplasia in rat carotid artery after balloon injury. Firstly, we studied the effects of intragastric administration of niclosamide ethanolamine on neointimal hyperplasia in our model as this mode of administration of niclosamide ethanolamine improved diabetic symptoms in mice (Tao et al., 2014) . However, in our model, intragastric administration of niclosamide ethanolamine (250 mg·kg À1 ) showed no inhibitory effect on neointimal hyperplasia of rat carotid artery after balloon injury ( Figure 7A, B) . Because the solubility and bioavailability of both niclosamide and niclosamide ethanolamine are poor; we suspected that the plasma concentration of niclosamide did not reach an effective level. Therefore, the water-soluble pegylated (PEG5000) niclosamide was synthesized, to be given by i.p. injection in vivo. As shown in Figure 7C , D, the long-term (4 weeks) treatment with i.p. pegylated-niclosamide (equivalent to niclosamide 25 mg·kg À1 ) clearly attenuated neointimal hyperplasia in balloon-injured rat carotid arteries, indicating that niclosamide with optimal pharmaceutical modification to improve its pharmacokinetic profile would be a potential strategy for treatment of restenosis.
Discussion
Niclosamide is an oral antihelminthic drug approved by the FDA for treating parasitic infections. Recent work has shown that niclosamide regulates several signalling pathways and has the potential to be applied clinically for systemic diseases including several types of cancers, bacterial and viral infections, metabolic syndrome and neuropathic pain (Chen et al., 2018) . Here, we show for the first time that niclosamide inhibited VSMC proliferation and migration and attenuated neointimal hyperplasia in balloon-injured rat carotid arteries, indicating that niclosamide might be a potential drug for restenosis. The A10 cells are non-differentiated VSMCs and commonly used as the model of neointimal VSMCs (Choe et al., 2015; Munoz et al., 2011; Rao et al., 1997) . Therefore, in the present study, we used A10 cells and serum-induced (15% FBS) and PDGF-BB-induced models to examine the effects and mechanisms of niclosamide on VSMC proliferation and migration. Niclosamide inhibits both serum-induced and PDGF-BB-induced proliferation and migration of A10 cells. We further examined the effect of niclosamide on viability of A10 cells and found that the IC 50 of niclosamide was significantly different in serum-free and 15% FBS conditions, so that niclosamide was a more potent inhibitor effect on A10 cells in serum-free cultures. This effect could be due to the buffering of the cytotoxic action of niclosamide by the serum proteins and nutrient factors. We further used the LIVE/DEAD Cell Viability assay and TUNEL staining to study the cytotoxic effect of niclosamide. We found that niclosamide induced cell death and apoptosis only at the higher concentrations, with inhibition of the proliferation and migration of A10 cells at concentrations which showed no significant cytotoxic effect. Many signalling pathways are involved in VSMC proliferation, migration and intimal thickening, including STAT3 (Daniel et al., 2012; Seki et al., 2000) , AMPK (Ki et al., 2013; Stone et al., 2013) , Akt (Stabile et al., 2003) , ERK (Kim et al., 2011) and Wnt/β-catenin (Tsaousi et al., 2011) pathways. Several studies have shown that STAT3 is activated in the injured artery (Daniel et al., 2012; Seki et al., 2000) , and the activated STAT3 induces trans-activation of cyclin D1 and survivin in SMCs in vitro and in neointimal cells in vivo, thus promoting proliferation and migration of SMCs (Daniel et al., 2012) . The STAT3 siRNA can inhibit the proliferation of VSMCs in vivo and in vitro and attenuate neointimal formation (Sun et al., 2012) . AMPK is a stress-activated protein kinase. AMPK activation suppresses VSMC proliferation (Igata et al., 2005; Ki et al., 2013; Nagata et al., 2004) , and AMPKα2 deletion exacerbates neointima formation (Song et al., 2011) . Although niclosamide inhibits the Wnt/β-catenin, mTORC1, STAT3, NF-κB and Notch signalling pathways in cancer cells (Li et al., 2014) , we find that niclosamide inhibits STAT3 and activates AMPK but shows no significant effect on the expression of β-catenin and the activities of Akt and ERK in A10 cells. Furthermore, niclosamide was a more potent inhibitor of STAT3 than an activator of AMPK. For instance, 0.5 μM niclosamide inhibited STAT3 ( Figure 5A ), but activation of AMPK required 2 μM niclosamide ( Figure 6A ). Therefore, we suggest that STAT3 inhibition might be the major mechanism by which niclosamide inhibits VSMC proliferation and migration and attenuates neointimal hyperplasia.
Niclosamide is used clinically to treat most tapeworm infections. Although recent studies have demonstrated that niclosamide is a promising agent for systemic diseases, because niclosamide is insoluble, the low bioavailability and the resultant low plasma concentration limit its potential effects in vivo. Therefore, development of novel niclosamide delivery for systemic application is necessary. Covalent attachment of polyethylene glycol (PEG) to proteins or chemicals is a technique known as PEGylation, which is known to increase the solubility of water-insoluble compounds. In the present study, pegylated (PEG5000) niclosamide was synthesized and i.p. injection of pegylatedniclosamide attenuated neointimal hyperplasia in balloon-
Figure 6
Effects of niclosamide on AMPK, β-catenin, ERK1/2 and Akt signals in A10 cells. Serum-starved A10 cells were grown in DMEM supplemented with 15% FBS in the absence or presence of niclosamide (Nic) for 24 h. (A) Niclosamide activated AMPK in the presence of 15% FBS. n = 16 in each group, *P < 0.05, significantly different from 15% FBS. (B) Niclosamide showed no significant effect on β-catenin expressions in serum-stimulated A10 cells. n = 6 in each group. (C) Niclosamide had no significant effect on ERK1/2 phosphorylation. n = 12 in each group. (D) Niclosamide had no significant effect on Akt Ser 473 phosphorylation. n = 6 in each group.
injured rat carotid arteries. However, administration by mouth is more viable for clinical use, for instance in the treatment of restenosis. Hence, the preparation of a modified niclosamide with better oral absorption will be the next stage is this project.
In summary, we have demonstrated that niclosamide inhibited VSMC proliferation and migration and attenuated neointimal hyperplasia in balloon-injured rat carotid arteries. We suggest that niclosamide could be a useful drug for restenosis, once the pharmacokinetics of niclosamide are modified with improved oral bioavailability.
Figure 7
Niclosamide attenuated neointimal hyperplasia in balloon-injured rat carotid arteries in vivo. (A, B) Intragastric administration of niclosamide ethanolamine (NEN; 250 mg·kg À1 ) daily for 4 weeks showed no inhibitory effect on neointimal hyperplasia of rat carotid artery after balloon injury. n = 5 in each group. (C, D) Injection (i.p.) of PEG5000-niclosamide (PEG-Nic; equivalent to niclosamide 25 mg·kg À1 ) daily for 4 weeks attenuated neointimal hyperplasia in balloon-injured rat carotid arteries. n = 6 in each group, *P < 0.05, significant effect of PEG-Nic.
